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Enzyme encapsulation is an attractive method among the diﬀerent immobilization strategies to improve
the reusability and stability of enzymes because it can separate enzymes from a hazardous external
environment. However, current encapsulation methods have limitations including enzyme leakage. In
this study, a new approach based on a two-step soft templating method has been proposed to
encapsulate lipase within substrate permeable mesoporous silica yolk–shell spheres. In the ﬁrst step,
lipase was immobilized onto epoxy functionalized silica nanospheres that serve as the core materials.
The core materials were mixed with a ﬂuorocarbon surfactant, FC4, to form a core–vesicle complex. In
the second step, a mesoporous silica shell was assembled surrounding the core–vesicle complex to form
the yolk–shell structure with the lipase encapsulated. The mesoporous silica shell has a pore size of
2.1 nm, which is permeable to the reactant and product while isolating the enzymes from harmful
external conditions. The encapsulated lipase retained 87.5% of its activity after thermal treatment at
70 C for 2 hours while the free enzyme lost 99.5% of its activity under the same treatment.
Importantly, the encapsulated lipase shows signiﬁcantly enhanced resistance to degradation by proteases.Introduction
Enzymes are excellent biocatalysts and are widely used in
modern industry.1 However, enzymes are instable towards heat,
organic solvents, acids or bases, and are diﬃcult to recycle.2
Therefore, robust immobilisation of enzymes is very important
for their wide spread application because of the increased ease
of separation, and the potential to improve the recyclability and
stability.3 Increasing stability allows enzymes to be applied
widely in industry, particularly under extreme conditions, such
as high temperature, extreme pH and in complex biological
environments. Various methods such as physical adsorption,4
covalent chemical binding,5,6 crosslinking7 and encapsulation8
have been developed for the immobilisation of enzymes. Among
these methods, encapsulation has been widely used, as it can
avoid structural changes of the enzymes while separating themonash University, Clayton, VIC 3800,
in University, Perth, WA 6845, Australia.
2662522
versity of Adelaide, Adelaide, SA 5005,
tralian Institute for Bioengineering and
The University of Queensland, St Lucia,
SI) available: Activity analysis of lipase,
lysine residues on a lipase surface. See
013from hazardous external environments.9 Thus, an independent
microenvironment inside the capsules can be constructed to
remove the enzyme from an extreme external environment.
Enzyme encapsulation has been applied in many diﬀerent
materials. For instance, lactate dehydrogenase has been
encapsulated into a nanoporous silica sol–gel glass,6 however,
as the size of the surface pore was very large (30 nm) and
protection of enzyme was not eﬃcient, only limited stability was
achieved.6 k-Carrageenan, has also been used for enzyme
encapsulation.10 However, the stability of k-carrageenan is not
high enough and it cannot work at temperatures higher than
50 C.10 Therefore, the encapsulated enzyme cannot be used in
extreme industrial conditions. Enzymes encapsulated by a sol–
gel polymer11 show good activity, but the wide pore-size distri-
bution in sol–gel polymers cannot be controlled well, and this
adversely inuences the diﬀusion of reactants and products
during biocatalysis to the detriment of their practical
application.
Enzyme encapsulation can be achieved using diﬀerent
methods such as a sol–gel process or bio-inspired encapsula-
tion.9,12 Silica-based sol–gel encapsulation is the most used
technique for enzyme encapsulation, particularly for the
development of biosensors, because silica can provide a high
specic surface area and controllable pore diameter.8,13
However, the sol–gel method has limitations including poor
loading eﬃciency and enzyme leakage.12 Bio-inspired enzyme
encapsulation can be carried out using biomimetic mineral
formation, producing inorganic carrier matrices for enzymeThis journal is ª The Royal Society of Chemistry 2013
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View Article Onlineimmobilization, and such matrices are typically based on
silica.12 However, this method still faces signicant hurdles in
controlling silica encapsulation in vitro, in part, due to a lack of
understanding of the mineral formation mechanism.
In order to overcome the drawbacks of these conventional
encapsulation methods, diﬀerent encapsulation methods have
been developed. For instance, a layer-by-layer assembly based
on polyelectrolytes has been used to encapsulate an enzyme
adsorbed on a nanoparticle,14,15 in which the polyelectrolyte
shell can prevent leakage of the enzymes and protect them
from the proteolysis of protease. The surfactant cetyl-
trimethylammonium bromide (CTAB) has also been reported to
encapsulate an enzyme adsorbed on silica particles, improving
enzyme stability.16 In these methods, the encapsulation layers
are physically adsorbed onto the nanoparticles, and the stability
of these layers is aﬀected by solution conditions. The encap-
sulated enzymes are thus vulnerable to leaking induced by
changes of the solution conditions.
Silica-based mesoporous materials have attractive properties
including variable pore size and large pore volume for catalytic
applications.17–19 Eﬀorts have been made to use mesoporous
silica to achieve high enzyme loading for enzyme immobiliza-
tion.20,21 Recently, mesoporous shell structured silica nano-
particles22 with various catalysts have been synthesised as
nanoreactors for several reactions.23 Silica shells can prevent
aggregation of the catalysts, meanwhile, allowing small mole-
cules access to the hollow space inside for eﬀective catalytic
reactions. These recent advances of mesoporous silica shells
make it possible to encapsulate enzymes into a yolk–shell
structure, with the silica shell serving as a robust and stable
encapsulation layer to protect the enzymes.
In this study a two-step so templating method has been
developed for the encapsulation of lipase from Thermomyces
lanuginosus into a mesoporous silica yolk–shell sphere (MSYS).
In the rst step, lipase was immobilised onto an epoxy-func-
tionalised silica nanoparticle (EFSN) that served as the core
material. In the next step, a porous silica shell was formed on
the lipase-immobilized silica nanoparticles. The activity and
stability of the encapsulated lipase were compared with those of
the free enzyme.Material and methods
Materials
Lipase from Thermomyces lanuginosus (L0777), para-nitrophenyl
palmitate (pnpp) (N2752), ammonium hydroxide solution
(338818), tetraethyl orthosilicate (Si(OC2H5)4 (TEOS) (>99%),
3-glycidoxypropyltrimethoxysilane (3-GPS, 2530-83-8), para-
nitrophenol (pnp) grade (1048), gum Arabic (G9752), Triton-
X-100 (X100), sodium chloride (S7653), Trizma base (T1503),
sodium carbonate (S7795), hydrochloric acid (320331) and
ethanol amine (110167) were purchased from Sigma-Aldrich
(Sydney, Australia). Fluorocarbon surfactant FC4,
[C3F7O(CFCF3CF2O)2CF-CF3CONH(CH2)3N
+(C2H5)2CH3]I
, was
obtained from Yick Vic Chemicals (Hong Kong). Water
(a resistivity of 18.2 MU cm) was puried using a Milli-Q system.This journal is ª The Royal Society of Chemistry 2013Epoxy group functionalization
Epoxy functionalization of silica nanospheres was carried out
using the method previous reported by Liu et al.24 1 g silica
nanospheres (SNs) was added into 100 ml of toluene. The
mixture was rstly sonicated for 40 minutes to facilitate
dispersion, and then 1.6 ml of (3-glycidyloxypropyl)trimethox-
ysilane was added. The mixture was reuxed at 70 C for 24 h.
The solid products were centrifuged, washed with toluene and
methanol sequentially and repeated three times and air dried in
oven at 60 C for two days.Lipase immobilisation on silica nanospheres
Lipase immobilised silica nanospheres (LISNs) were synthe-
sized by following the procedure below: 200mg EFSN wasmixed
with 1 ml free lipase (6.1 mg ml1 in 50 mM carbonate buﬀer,
pH 9.5) and incubated overnight with 250 rpm shaking at 37 C.
Aer collecting the supernatant for analysis of the concentra-
tion of the remaining lipase, the LISNs were washed with NaCl
solution (1 M) and water sequentially and repeated 3 times, this
was followed by a blocking step using ethanolamine (1.0 M,
pH 9) and then another wash with water. Then, the LISNs were
dispersed in Tris–HCl buﬀer (50 mM, pH 8) to make a
10 mg ml1 solution.Synthesis of lipase-encapsulated mesoporous silica yolk–shell
spheres
A silica porous layer was coated onto the LISNs to form the
lipase-encapsulated mesoporous silica yolk–shell spheres
(LEMSYSs) as follows: 1.5 ml LISNs (10 mg ml1) in Tris–HCl
buﬀer (50 mM, pH 8) was mixed with 48 mg uorocarbon
surfactant FC4, 4.5 ml H2O, 2 ml ethanol and 0.05 ml 28–30%
NH4OH. Aer incubating with stirring at 30 C for 4 hours,
0.11 g TEOS was added to initiate the coating of the silica layer,
and the reaction was le for 20 hours. The temperature was
then raised to 60 C and incubated for 24 hours. Drying of the
samples was realized by opening the container in an oven at
60 C, and evaporation was carried out for 24 hours. The
LEMSYS product was re-suspended in 1.5 ml Tris–HCl buﬀer
(50 mM, pH 8), and was washed with the same buﬀer before
storage.Material characterisation
Nitrogen sorption isotherms of the samples were measured by a
micromeritics ASAP 2020 surface area and porosity analyser at
77 K. Prior to the measurement, the sample was degassed at
90 C for 8 hours. The Brunauer–Emmett–Teller (BET) specic
surface areas were calculated using adsorption data at a relative
pressure range of P/P0 ¼ 0.05–0.3. Pore size distributions were
derived from the adsorption branch using the Barrett–Joyner–
Halenda (BJH) method. The total pore volumes were estimated
from the amounts adsorbed at a relative pressure (P/P0) of 0.99.
TEM images were obtained using a JEOL JEM 2100 electron
microscope. The powder samples for the TEM measurements
were suspended in ethanol and then dropped onto Cu grids
with holey carbon lms. SEM images were obtained using aRSC Adv., 2013, 3, 22008–22013 | 22009
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View Article OnlineJEOL 7001F electron microscope. The powder samples were
placed on carbon tape and coated with 1 nm platinum for SEM
measurements.
FT-IR measurement was carried out using a PerkinElmer
Spectrum 100 FT-IR spectrometer from 500 cm1 to 4000 cm1
using potassium bromide as a background. The scan was
repeated 20 times.Fig. 1 Schematic illustration of the formation of a lipase-encapsulated meso-
porous silica yolk–shell sphere (LEMSYS). SN: silica nanosphere, EFSN: epoxy
functionalized silica nanosphere, LISN: lipase-immobilized silica nanosphere.Lipase concentration and activity test
Protein concentration was detected with a Pierce 660 nm
protein assay (Thermo Scientic, Melbourne, Australia) using
bovine serum albumin (BSA) as a standard. 100 ml protein
solution was added into 1.5 ml assay reagent and the mixture
was le to react for 5 min. Then, absorbance at 660 nm was
measured by a UV spectrometer. The lipase concentration on
the nanospheres was determined by mass balance (concentra-
tion change of lipase in the supernatant before and aer
immobilization).
The lipase activity was determined using the modied
method of Winkler.25 Briey, the method used para-nitrophenyl
palmitate as a substrate25 (reaction mechanism shown in
Fig. S1†) and Triton-X-100 as a surfactant26 to help dissolve the
unreacted substrate. In a 15 ml falcon tube, 1.8 ml reaction
buﬀer (50 mM Tris–HCl pH 8 in the presence of 0.4% Triton
X-100) was mixed with 0.2 ml substrate solution (10 mM
substrate in 2-propanol) and 0.2 ml sample (either free lipase
solution or LEMSYS solution; for control, 0.2 ml Tris buﬀer was
added), and incubated in a 35 C water bath with 200 rpm
shaking. Aer 20 minutes of incubation, the concentration of
the product pnp was determined by measuring the absorbance
at 404 nm. One unit of lipase activity was dened as production
of 1 mmol of pnp per min. Thermal stability was determined by
comparing lipase activity before and aer heat treatment (70 C
in an oven for 2 hours).
Proteinase K degradation resistance was determined by
residual activity aer treatment. Proteinase K degradation
resistance was determined by an activity test aer mixing
samples with proteinase K solution (3.5 mgml1 in 50mMTris–
HCl buﬀer, pH 8) at a volume ratio of 1 : 1 under 37 C for 20
minutes. Then, the lipase activity of all the samples was deter-
mined and compared with the original activity before
proteinase K treatment.Fig. 2 SEM image of silica nanospheres (SN).Results and discussion
The synthesis of the enzyme-encapsulated yolk–shell structured
materials is schematically represented in Fig. 1, and the process
comprises of two steps. In the rst step, solid silica spheres with
diameters around 320 nm are selected as core materials, and
their conjugation with lipase was achieved using functional
epoxy groups on the silica surfaces. Then, the lipase-coated silica
nanospheres were mixed with a uorocarbon surfactant
[C3F7O(CFCF3CF2O)2CFCF3CONH(CH2)3N
+(C2H5)2CH3I
], (FC4)
to form vesicles. In the second step, hybrid silane–surfactant
micellar aggregates, which are built of hydrolysed/oligomerised
TEOS species and FC4, assemble under basic conditions while22010 | RSC Adv., 2013, 3, 22008–22013surrounding the core–vesicle complex and eventually form an
ordered mesostructured organosilica shell via cooperative self-
assembly. Following further growth and a ripening process of
the shell, induced by condensation of the silica oligomeric
species, a mesoporous silica yolk–shell structure can be
obtained aer removal of the FC4 templates by heating at 60 C
and drying. The material thus-obtained is denoted as LEMSYS,
which consists of an enzyme-immobilized silica core, hollow
space between core and shell, and mesoporous silica shell.
The silica sphere cores prepared by the Stober method have a
narrow size distribution with diameters of 320 nm as observed
from their SEM images (Fig. 2). FT-IR spectra of epoxy func-
tionalised silica spheres showed a C–H stretching band at 2850–
2950 cm1 and 1639 cm1 along with the Si–C band at 1120–
1220 cm1 (Fig. 3), conrming that the epoxy group has been
graed onto the silica core.
Fig. 4 shows representative TEM images of LEMSYSs pre-
senting a 320 nm silica core, the 70 nm hollow void and a
mesoporous shell with 20–30 nm thickness. The overall outer
diameter is 440 nm for a single yolk–shell sphere (Fig. 4a). A
high resolution transmission electron microscopy image of a
LEMSYS, as shown in Fig. 4b, further conrms themesopores in
the shell, with the voids on the silica core observed. Further
evidence of the mesoporous structure of the LEMSYS can beThis journal is ª The Royal Society of Chemistry 2013
Fig. 3 FT-IR characterization of epoxy functionalized silica nanospheres (EFSN).
Fig. 4 TEM images of LEMSYSs.
Paper RSC Advances
Pu
bl
ish
ed
 o
n 
21
 A
ug
us
t 2
01
3.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 1/
21
/20
19
 6:
44
:10
 A
M
. 
View Article Onlineobtained by the N2 sorption analysis. The adsorption–desorp-
tion isotherm obtained on LEMSYS shows a type IV behaviour
with a two-step capillary condensation in the relative pressure
ranges of 0.1–0.3 and 0.7–0.9 (see Fig. 5a), in agreement with the
presence of a hierarchical porosity organisation consistent with
the yolk–shell structure. The Barrett–Joyner–Halenda (BJH) pore
size distribution shows two peaks (see Fig. 5b), corresponding
to the mesopores of the shell (2.1 nm) and the void between the
solid core and the shell (4.4 nm). In addition, the Brunauer–
Emmett–Teller (BET) specic surface area and total pore volume
are calculated to be 151 m2 g1 and 0.18 cm3 g1, respectively.Fig. 5 Nitrogen adsorption isotherm and the BJH pore size distribution of
LEMSYSs. (a) Nitrogen adsorption isotherm and (b) BJH pore size distribution.
This journal is ª The Royal Society of Chemistry 2013Aer immobilization, the protein concentration in the
supernatant was tested with a Pierce 660 nm protein assay by
using bovine serum albumin (BSA) as a standard. The calcula-
tion based on mass balance shows that the concentration of
immobilized lipase is ca. 11 mg per gram of EFSN. This is a
modest immobilization ratio because solid silica spheres rather
than porous particles have been used for immobilization. As
immobilization of lipase on EFSNs is based on a covalent
reaction between the primary amines of the lysine residues of
lipase and the epoxy group on EFSNs, the conjugation between
silica spheres and lipase is very stable. Aer synthesis of the
LEMSYSs, the particles were suspended in Tris buﬀer (50 mM,
pH 8), and no leaked protein was detected in the suspension
buﬀer.
The lipase activity of free lipase and LEMSYSs were investi-
gated by using para-nitrophenyl palmitate as a substrate25 and
Triton-X-100 as a surfactant26 to facilitate the dissolution of the
unreacted substrate. In Fig. 6, the time courses of the hydrolysis
reaction catalysed by free and encapsulated lipases are
compared at the same lipase concentration. It is obvious that
lipase activity has been decreased aer two steps of synthesis.
As seen in Table S1,† activity of encapsulated lipase
(0.75 Umg1) is lower than that of the free enzyme (4.7 Umg1).
Despite this drawback, lipase's reusability and stability have
been signicantly improved as shown below.
The reusability of encapsulated lipase is shown in Fig. 7. In
the second and the third reuse cycles, the activities have
decreased to 60.3% and 43.6% of the initial activity, respec-
tively. Aer these two quick decreases, the activity is reasonably
stable (35–31.6%) in the range of 3–6 reuse cycles. As we used
centrifugation to recover the LEMSYSs, it is expected that some
LEMSYSs may have been lost during each cycle, and the true
loss of enzyme activity may be lower than that shown in Fig. 7.
Encapsulated lipase also has enhanced thermal stability.
The thermal stability of free lipase and LEMSYSs was examined
by comparing lipase activity before and aer thermal treatment
(incubation in an oven at 70 C for 2 hours). As shown in Fig. 8a,
the thermal stability of encapsulated lipase is about 170 times
higher than that of free lipase. The increase of lipase stability by
encapsulation in this work is consistent with those reported inFig. 6 Comparison of the hydrolysis reaction catalysed by (A) free lipase and (B)
encapsulated lipase.
RSC Adv., 2013, 3, 22008–22013 | 22011
Fig. 7 Reusability of the encapsulated lipase.
Fig. 8 The thermal stability and proteinase K degeneration resistance of free
and encapsulated lipase. (i) Free lipase, and (ii) lipase encapsulated in a yolk–shell
sphere. The value of the percentage was the remaining lipase activity after
thermal treatment (a) or mixing with proteinase K (b), divided by the activity
before the treatment.
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View Article Onlinethe literature.27–30 There are diﬀerent factors that may
contribute to the enhanced stability. First, the lipase has
multiple lysine residues on it’s surface (Fig. S2†), which can
form multiple covalent bonds with the silica surface. Such
multiple covalent immobilisation may enhance the enzyme
rigidication and prevent enzyme aggregation, thus increasing
enzyme stability.30 Second, the porous silica shell may provide
additional protection by preventing enzyme–enzyme interac-
tions across diﬀerent nanoparticles. Furthermore, aer encap-
sulation, the silica shell may provide a microenvironment
which might prevent enzymes from thermal damage.
One signicant advantage of a yolk–shell structure is that the
shell can isolate the enzyme from harmful conditions, such as
exposure to proteases. The proteolysis vulnerability of the lipase
was tested by mixing free lipase or LEMSYSs with proteinase K,
a proteinase widely used to proteolyse peptides and proteins.
The cleavage site of lipase by proteinase K can be found in the
ESI (Fig. S2†). One volume of sample was mixed with one
volume of proteinase K solution (3.5 mg ml1 in 50 mM Tris–
HCl buﬀer, pH 8) and incubated at 37 C for 20 minutes before
activity measurement. As shown in Fig. 8b, free lipase lost its22012 | RSC Adv., 2013, 3, 22008–22013entire activity aer being exposed to proteinase K, with no
detectable activity. In contrast, the encapsulated lipase in
LEMSYSs maintained 75% of its activity. Although the silica
shell of the LEMSYSs signicantly increases the lipase stability
against proteolysis, it does not provide 100% protection from
the proteinase. This vulnerability may be caused by a few large
pores in the silica shells, through which the proteinase K can
attack the encapsulated lipases. Nevertheless, the protective
function of the silica shell is signicant, demonstrating that the
yolk–shell structure plays an important role in improving the
enzyme stability.
While achieving signicantly enhanced enzyme stability by
encapsulation, there is a notable decrease of enzyme activity
which deserves further discussion. We recognize activity loss
can occur in both steps of the synthesis. In the rst step of
lipase immobilization, lipase was covalently bound to silica
spheres. There are 7 lysine residues on the surface of lipase
(Fig. S2†). As the reaction of the lysine residues with epoxy
groups is random, some lipase may have their functional sites
buried and cannot properly come into contact with the
substrate, thus decreasing activity. In the second step, removal
of the template was carried out at 60 C and the samples were
dried for 24 h. This modied condition is relatively mild,
compared to the experimental conditions (550 C for 6 h) used
in a previous publication.22 However, this treatment at high
temperature for a long period may cause the enzyme to dena-
ture and thus lead to a loss of activity. On the other hand, this
mild condition is not expected to fully remove the templates.
The existence of un-removed templates may decrease the
accessibility of the enzyme to the substrate, thus decreasing the
apparent activity of the lipase. Further study is needed to
improve the method to better preserve enzyme activity.
Solid silica spheres have been used as core materials in the
current work. It is expected that loading of enzymes can be
enhanced by using porous silica spheres as core materials, thus
improving the eﬃciency of the core–shell-based enzyme
systems. In this work, para-nitrophenyl palmitate has been used
as a substrate to test lipase activity. Smaller substrates such as
triacetin have also been reported by other researchers for eval-
uation of activity of immobilized lipase.31 As the pore size in the
shells in our system is only 2 nm, it is expected that the activity
of lipase will be higher for small substrates like triacetin. We
anticipate that enlarging the pore size of the shell can increase
lipase activity for para-nitrophenyl palmitate. However, caution
should be taken to avoid oversized pores, which may lead to an
unwanted loss of protection from shells against proteases.
Optimization of the pore size is needed in future work to ensure
that a high activity and strong protection can be achieved
simultaneously.Conclusions
In conclusion, a two-step so templating method has been
established to encapsulate the enzyme lipase into mesoporous
yolk–shell silica. Aer encapsulation, lipase retains its activity.
Compared with the free enzyme, both thermal stability and
resistance to protease degradation have been signicantlyThis journal is ª The Royal Society of Chemistry 2013
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View Article Onlineenhanced. In contrast with the total loss of activity of free lipase
aer proteinase K degeneration treatment, the encapsulated
enzyme still possess 75% of its original activity. This work has
demonstrated that it is feasible to use yolk–shell mesoporous
silica to encapsulate enzymes. This may open a door to further
explore the development of a nano-bioreactor, utilizing the
reaction advantages provided by the combination of a nano-
structured yolk–shell sphere with enzymes.Acknowledgements
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